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ADVANCE RESTRICTED REPORT

A -METHOD FOR STUDYING PISTON FRICTION .

By Je Ee Forbes and E. 8, Taylor
INTRODUCTION

The purposc of this investigntion wns to develop a mathod
for determining dirootly the friotlon foroe betweon tho piston
and cylinder of an intermal ocombustion engince

The method oconsists in elastiocally mounting the cylinder
barrel so thet.it can havo a smaoll motion parallsl to its axis,
and providlng sultable mcans for rocording its instantancous
displooomonts .

DESCRIPTION COF APPARATUS

Cylixder and Cylinder Hond

The cylinder barrel in the foru of a light slocve (sec
fige 1(1)) is olaumped on tho innor cirocumforcnces of two
annular steal dicphragms (2)s Tho outer circunmforontial edges
of the dicphragms are olempod to o oylindrloal water Juckot (3)
by mearns of a stoel plate (4) at one ond and the cylinder hoad
(5) at tho othor ende .

Tho oylinder head oloses the combustion chamber with a
plston=-shapod seotions This sootion is mochined so as to form
o labyrinth seal (6) to the corbustion gnsos, and yat not restrain
tho oylinder-sloeve motions The labyrinth section of the hoad
is lond=-platod 8o es to Iinsuro a olose fit with a minimum of
frioctions

Two spark-plug wells (7) nnd a well containing an optical
lovor (8) nre sonlod off from the jacket ocooling water by mwons
of floxible rooprene seals (9)e Those seals cxert no oppreciable
oonstraint on the oylinder motions



Vent holes (10) drilled in the sido of the oylindor head
into the spnoo above the dlaphragm toko oare of gns lonknge
through the labyrinth, and assuro atmosphoric pressurs on the
upper diaphragns

Reduction of gas leskage through the labyrinth is provided
by a duot (11) leading through the top of the oylinder head to
the center of the labyrinthe. ILubricating oil simllar to that
used in the engine is pumped by meens of an externally driven
0il pump through this duct at a pressure of about 50 pounds per
square inch. The oil passes through the labyrinth into the
space (12) above the upper diaphragm and then out through the
vent holes to the oil-pump reservoire Under favorable running
conditions only a small percentage of this sealing oll flows into
tho oombustion chambore

Cylinder«Displacemont Messuring System

The disvlacement of the cylinder sleeve is recorded photo=
graphically on motion-picture film by means of an opticel lever
and strip camera (reference 1). (See figse 2, 3, 4, and 5,)

A £ilm speed of 25 inches per second was used througnout the
tests. The magnifiocation of the oylindor-sleeve displacemert,
by means of the optioal system, was 70.6.(See fige 6.) Cali-
bration ocurves of the statioc purformance of the recording
system at two differont weter-jeocket temporatures are shown in
figure 7e These and similar ocurves were obtained by statloally
loading the assembled cylinder when the regular oylinder head
kad been repleced by a "durmy head." This dummy head was a steel
ring which olamped the outer edge of tho upper diaphrazm firmly
irn its places A steel plug fitting into the oxposed end of the
eylinder served as & loadlng platforms During these tests the
piston was removed from the oylinder. Actual slesve displacement
due to static load was measured by a sensitive dial gage. 8trips
of film wors run through the camera with and without eaoh statio
loade Thoese records gavo the net filmetraos displescements
ocrresponding to the dial-gage readings or loadse

The ourves of fipure 7 show that the stiffness of the
diaphrogms varies with water-Jocket tomperaturos A curve of
c¢iaphrogm stiffness covering the temperature~operating range
of the tests prosented in this report is shown in figure 8.



- uar .-

Pistons

" 'The aluminum-elleoy piston with its five casteiron piston
rings shown in figure 9 was used throughout the tests pertaining
to the effects of speed, load, and viscosity. Tho cast=iron
piston, also illustrated in figure 9, was used only in the
Trurning=in" teste

Engine

The oomple{:e oylindex a.ssuably wes mounted on a stendard
CFR orankoases A shorter conneoting rod (length = 8,00 in,)
than standard with tho CFR was used, giving e oranke-throw to
connecting~rod-length ratio of 0,28l The bore and stroke were
standard 325 by 4.5 inchess The compression ratio wus 5.05-

Lubrication System

The standard CFR oll pump was romoved, and a motor-driven
oll pump substituted to ociroulato the engine=lubricating oil.
011 temperature was controlled by msans of & heat oxchanger
throuzh which either steam or water or both could be circulated.
0il tompu:reture was msasured in tho oil pump by moans of a vapor=-
pressure thermometer.

Cooling Systoem

Cooling was accomplished by a closéd systom oonsisting of
a 7-gallon tank, e separatecly motor-driven contrifugal pump, a
heat exchanger, and tho oylinder water Jacketes Tho hoat oxchanger
was similar to that used on the luhricating systems Distilled
water oontaining a rust inhibltor ms usod in this olosed systcm
80 a8 to reduce resting of tho exposed areas of the diaphragms
and tho cylinder sleevee A meroury-in-glaas thoranmeter lne
serted in the upper and of the water Jookot was used to measuro
the jacket-woter temperatures Cold tap weter wes oiroculnted
through the coylinder hsade The tempzrature of this wator was
measursd by a merocury=-in-glaszs thormomotor loocatoed at the cooling=
wator outlct of the head,



Inlet Systom

Fuol=-air mixturs was suppllod to the cngino from a veporlzing
tank (roference 2). Tho inlet air passed through e fuel-mixing
orifice insorted.in the waporizing tank. Tho alir flow to the tank
was oontrolled by a throttling walve. Fuel was moasured by moans
of a calibrated rotameter, Mixturoc temperature ves measured by
a moroury-in-glass thormomoter plaond in the inlet pipes Vavoriz-
ing tank prossure wes mcasured by a morocury manomctore

Bngine Instrumcntas

Enzine spced was controlled by a combination of a conventinmal
tachometcr ond a stroboscople light rumning dirsctly from tho 60-
cyclo supply-that illuminatcd painted strips on the flywhoel
(reforonce 2)e An oleotric dynamometer was used. Prossure
ageinst orank-angle dingrams vas obtalned from tho standard s.I.T.
balanced=pressura indicetor using an M.I.T. diaphragm pressurc
unit (refercncos 3 and 4).

RESULLS AND DISCUSSION

Reductlion of Data

A typloal photographlic record of tho sleove displacchont
is shown in figurc 10, which 48 a firing record tokcn at 2035
rpme Tho hcavy vertioal lincs are tho top-oontor loenting linzs
produced by a flashing noon light., (S-o fige 2.) This neon
light flashes simultaroously with the ignition spark. The
position of the neon light in the camors is such as to mark tho
£ilm 0,26 inch from tho rocord trace and thus locato tho ignition
crank angle on the timo axlse 6 dogroes of orank anglc along
the film axis, with a film specd of 25 inches por sccoond and an
ongino speod N rpm, correspond to a length L on this axis
oqual to 4,17 e/N inche Honoce top conter on tho film trace is
locatod a distence (026 « L) inch along tho time axis to tho
loft of the ocontor of the neon lamp flash,

Tho dim diffuse lino cppearing porallol to the time axis in
nost of thu rccords 1s a refleoted trace of the lipht sourco from
the front surfaco of thc lunse The rooords in genoral show




essentially three typos of excitotion of the sleove, that 1s,
over-all displacements oorresponding to tho piston strokes, a
rather praminent oxeitation oocurring during the firlng stroke,
and finally some high~frequency excitation of comparatively low
emplitude. Photographic records of the naturnl frequenocy of
vibration of the oylinder slecve with engine completely assemblod,
also with plston romoved, and the durmy head in placo of the
regular oylinder head are shown in figure 1lle Those records
together with caloulntions made of the nntural froquonoy of
vioration of the sloove from its mown stiffness and woelght show
thot the prominent exoltation of the sleovo in all the records
corraosponds to its natural frequency. The origin of the high=-
frequonoy oxcitation ls not conolusively kmown.

Owing to the fact that the disphragm systom waa sonsitlvo
to temporature changos, there appoered to bo no satisfaotory
mothod of recording on the films a "zero line,"™ that 1s, a line
indiocating the oquilibrium position of tho oylinder sleeve whon
no forco was ecting on ite Establlshmont of the probable zoro
line vms acoomplished in the following mammor: An onlargoed
trooe of tho vhotographic rocord wea madc in an onlarging camoras
A straight linc porallel to the film motlion is then so drawn as
to interscet tiie onlarged rocord at four equally spooced points
during the time interwl of cach oycloe This line is thon taken
s tho zoro line from which all displacomonts on tho enlargod
rocord cro measurede From the mgnifiocution of the enlargoment
and the stiffness calibration ourve (fig, 8), the displacaments
arc roadily oonverted into equivalent plstonefrictlor. forces on
the assumption that the inortia and damping forces are nogligiblo
comparzd to the disphragn forca.

Whilc the locction of tho true zero lino may bo somowhat in
doub¥, and thus produce errors in the truc instantancous piston=-
friotion forees, 1t 1s significant that tho piston-friction work,
as obtainod from tho work loops, is not subject to euy orror
mado in looating this linos The work loops are the basis for
coamputing plstonefriotion moan-gffeotive prossuros, and tho
plston-friotion horscpowors horoin roported, ard honco thoso
velues are not subjeot to zoro-lino loocation crrors,

The effoots of spsod upon piston frioction wore first
mocsurcde Both motoring and firing runs wero mado gver a spoed
range of 1000 to 2500 rom ot full-throttle sottinges Tho mixturo
ratlo wns set in all casos at best powore Spark cdvence was kopt
constant at 229 Cylindor-sloovo cooling-wator tompcraturo and
oil tomporaturo woroe each kopt constant at 180° Fe Inlctemixturo




temperature wes maintoinod oconstant at 1400 F, and cylindor-head
cooling-mator temperaturec at 50° Fs A low cylinder=head cooling-
wator toaporature was maintained so as to minimizo tho possiblility
of melting tho lead plating on the labyrinth soction of tho
oylindor heads The lubricating oil used in these runs was SAE

40, having e viscosity of 23,9 centipoise ot 180° F.

A sories of these spoed rocords is shown in figure 12,

Piston~f{riotion work cyelos obtained from some of thoao
records aro shown in figure 13 Tho total aree enclosed by thoe
two loopa roeproesonts the pistonefriotion work por cyole.

Tho solid=1ino loops are for the expansioneexhanust strokos
while tho dashed linos are for the inlet-compresslion strokos.
This schome of differentlating the two phasos cpplies to all
piston=friction work loops presented in this roportes

Piston-friction mean-effootive pressurcs computed from theso
work diagrams arc plotted against specd in figure 14

Firing piston-friction mean-offoctive pressures ovor the
tosted spoed range vary from 18 to 46 percent higher than those
for motoringe This difforence in the relative pagnitude, shown
by the plston=friotion menn-effootive=pressuro ocurvoes in figuro
14, probably acocounts to a large oxtent for the similar divergence
depicted in the two indionted moan-effectivo~prossurc curves.

Ths lower lndieatod masanecffsotive-prossure curve wns obtalned
by adding the breko=motoring end breke-firing curves, whoroas tho
othor indicator curve was obtainod by ueso of tho MeI.Te highe=
spoad anginc indicator (reforsnces 3 and 4). Firirg piston-
‘friotion moan-offectivo presesurc incrocsos lincarly with spood

- and 18 about 45 porcent greater at 2500 rpm thon at 1000 rom.

A oconsldorsble numbor of chcok runs worc mado on these
speod recordse Caaparison of the chaok rccords with those of
the originel runs showod very good renroduclibility both in
magnitude and struoturoc.

Effeot of Load

The offoot of load on piston frioction at two differont
speeds is showvn In figuro 15, and the ocorresponding work loops
aro shown in figure 16. The varlation of piston«friction mean-
offective prossurc with indicatcd mean-effective prcssure for

i



tho two difforont spoeds is shown in figuro 17, The ongince was
run at the samo tamporatures and with the samu quality oil

(SAE 40) as in tho spoed runs, Indicated moan-offootive prcssurcs
were derived from indiocator diagrems obtalnod with tho HeIeTe
high-spoed engine indicator (rofercncos 3 and 4).

At 1500 rpn & chango of 1 pound por sguarec inch indlcatod
moan~-offsotive pressurc produccs a change of 0.033 pound per
square inch in piston-friotion mean-offective prossure, whilo
ot 2500 rpm a l-pound chongo in indloanted mcan-effoctive pressuro
inoreases the piston=friction mean-offcotive pressuro 0,028 pounde

The change of plston~frlotion moon-affcotive pressurc with
specd at any partioular load is of the same order of magnitudo
a8 found in tho spcod tests.,

Effcot of Visocosity

Dopondence of piston-friction foroe on oil and cooling=-
wator tenpcraturo is showa in figure 18. Thosc rocords both
of notoring and firing runs were takeou ot a constart speed of
1800 rpin, with SAE 20 oile The oil ond oylinder-wutor-jacket
terperaturos woro kopt egqual to each other and varicd over a
range of about 100° F, Inlet terpcrature wes held constent at
140° F whils the head=-cooling wr.ter wms lzept at 48° F, Sp-rk
advance wrs 22° and nixture retio set for bcst powere. Corrcspond-
ing pistor-friction work diagroms aro shown in figuro 19.

Tho varietion of viscositlos with vemporature of the two
oils used in those tosts is shovm in figure 20,

Plots of piston=-friction moan-effootivo pressuro against
oil vizoosity at Jooket tomperaturo both for motoring and
firing are showa in figure 21.

Examination of the firing photographs (figz. 18(b)) shows
a rather interesting performance at 133° F whero altarnnto
periods of two oyolcs secem to roproduco thenselves, Examination
of the piston rings after tho runs with SAE 20 oil showed con=
slderavle souffings No appreciable scuffing of tho rings
appoarcd aftor the runs using SAE 40 oll. Thoe presonoce of souffing
night acoount for tho crratie bohavior of the reoords and the
irregulerity of the lowor ourve in figurs 21. " Tho fact that theo
motoring runs wore takon aftor the firing rums and show an



ordorly trend might indiocate that the scuffing condition hed
boon recduced by the time these runs were made. Figure A shovs
tho oondition of the rings aftor the motoring runs with SAE 20
oll,. !

A oomparison of tho piston-friction mean-efieotive prossurocs
at cqual viscosities based on wator-jaoket temporatures and at
the sano spoeds aand londs for tha two olls used in theso tosts
1z shown in table, both for firing and notoringe

Centipolso Piston
01l SAE rpo t+ °F at jack:ct fmep
tompernture lb/sq ine
|
i 40 1800 180 23.5 5e4
Motoring — 1
20 | 1800 142 23.5 643
T T T ’ T ’ -
! 40 1800 180 23.5 8.0
Firing | .
! 20 1800! 142 23.5 5¢5

Piston~Friction Horsepowor

Piston=friction horscpower is plottod against motoring
horsopowor and firing-friction horscpower in figuro 22, The
firing=friction-horsepower curvos woro obtainod by subtracting
the firing broke horsopowers from the indicnted power taken
from indicator cards. The curvos irdiente that for thoso
oxporients the motoring piston=friotion horsepower amourts to
roughly 16 peroort of the motoring. horsepowor, and that the
firing piston-friotion horsepower is zbout 26 porcent of tho
notoring horscpowers

It should bo notod that motoring and firing-friction horsoc-
powor occh includes bonring friotion ard pumping friotion in
additlon to piston friction.

It should bo montioned that the scaling oil which leaks
into the corbustion chambor from tho cylindor-~head labyrinth
nay rcducc tc piston frioction below tkat which would be
obtainad with normnl lubric:ctions




Running=-In Test

For comparctive purvoscs a now casteiron piston was sub-
stituted for the aluminumealloy piston. This piston (sce fige .
9B) hod threc piston rings and e skirt rmch longer then that of
thy aluminum onos The two pistons gave the sume comproession
rotio.

Records of moboring friction taken with this piston at 900
rpm arc shovm as a function of ruaningein tims in figurc 23.
At intorvels betweon theae reoords the motoring speed s
occasionally run up ta 1000 rpun, and during an carly onc of
these speed increases an mnsteady broalke load indicatcd signs of
piston scizing. Exanization of the piston after these runs were
conplebed showed scoring of the piston (fige. 93) and pick-up on
the cylindere In spite of the seoring, a rathcr siguificant
deercase in piston friction with running-in tine is indieatcd by
the decrcusing amplitudos of the roocords in figure 23

COXCLUSIONS

The results rust be regarded as of a prelitdnary naturc
unbil 1nore cxperience with this aoparatus has been obtairede
It oppoars safe to conclude, however, that the method ha
intoresting possibilitios f£or rescarch in the ficld of piston
frictions Further work is suggested to include an attempt to
comparc piston friction alone, momsurcd by notoring, with piston
friction obtainod by this method, and to cxplorc systematically
the effechbs of differcnces in piston and ring designe

Slocn Iaboratories for Aireraft and Aubometive Engincs,
IKassachusotts Institutc of Technology,
Combridgo, liasss
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Figure 1.- Assembly drawing of friction engine cylinder.
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Figure 9.- Pistons uged in friction
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NACA Fig. 7
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NACA Fig. 12
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Motoring
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Increasing time —m —5

igure 12 - Cylinder sleeve displacement as a function of speed.
0il and cylinder sleeve cooling water temperatures held
ronstant at 180°F. SAE 40 oil.
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NACA Fig. 14
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NACA Fig. 15
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Figure 15.- Cylinder sleeve displacement as a function of
load. O0il and cylinder sleeve cooling water tem-
peratures held constant at 180°F. SAE 40 oil.
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Figurs 16.- Piston friction force as a function of piston displacement for three loads and two speeds.
Notation same as in figure 13. 0il and cylinder cooling water temperatures 180°F. SAE 40 oil.
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Figure 1B8a.- Cylinder sleeve displacement as a function of common
0il and cylinder sleeve cooling water temperatures.

SAE 20 oil. Speed 1800 rpm.
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' Figure 18b — Cylinder sleeve displacement as a function of common
oil and cylinder sleeve cooling water temperatures.
SAE 30 oil. Speed 1800 rpm.
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during the motoring "running in" of the cast iron
piston. Speed 900 rpm. Temperatures of oil and cooling water
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